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N-Type,  P-Type  and  semi- Insulat 1 ng  (Chrome  dope)  single  crystals  of  Gallium 
Arsenide  were  grown  using  the  Czochralski  Liquid-Seal  Technique. 

Boron  Nitride  was  selected  as  the  crucible  material  that  would  yield  the 
best  quality  single  crystals. 

Single  Gallium  Arsenide  crystals  of  up  to  300  grams  were  grown  as  a result 
of  modifications  made  In  the  puller  apparatus. 

Experiments  were  conducted  to  identify  tlie  cause  of  impurity  contamination  - 
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Item  20  (Cont'd) 

during  the  growth  process.  The  results  of  these  experiments  indicated  that: 

1)  The  Introduction  of  Boron  Oxide  (82^3^  Gallium  Arsenide  melt 

absorbed  impurities. 

2)  Silicon  (si)  was  being  Introduced  to  the  melt  by  the  breakdown  of  the 

quartz  (2Si02  2SiOf02).  This  was  caused  by  the  natural  gas-oxygen 

torch,  which  heats  the  quartz  chamber  to  prevent  Gallium  Arsenide 
condensation. 

3)  A special  viewport,  heated  by  a resistance  furnace  rather  than  a 
natural  gas-oxygen  torch  was  used  to  reduce  silicon  contaminants. 

As  a result  of  this  experiment,  an  undoped  semi-insulating  crystal 
of  extremely  high  p^ulty  was  grown. 
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SUMMARY 


A study  utilizing  the  Czochralski  Liquid-Seal  Crystal  Growing  technique  was 
undertaken  to  grow  doped  and  undoped  single  crystals  of  gallium  arsenide  tGaAs). 

Tests  for  high  purity  using  various  crucible  materials  i.o.  boron  nitride,  vitreous 
carbon,  fused  quartz,  aluminum  oxide,  and  aluminum  nitride  were  conducted  with  the 
liquid-seal  Czochralski  apparatus. 

After  evaluation,  bcron  nitride  was  selected  as  the  crucible  material  that  would 
yield  the  best  quality  single  crystals.  N-type,  p-type,  and  semi-insulating  (Cr-doped) 
gallium  arsenide  crystals  of  50  to  150  grams  were  then  grown  using  the  boron  nitride 
crucibles . 

The  liquid-seal  Czochralski  puller  was  then  modified  to  permit  large  diameter 
crystals  of  150  to  300  grams  to  be  grown.  Large  diamter  n-type,  p-type  and  semi- 
insulating  single  crystals  were  grown  in  the  modified  puller. 

Further  experiments  were  conducted  to  identify  the  cause  of  impurity  contamination 
during  the  growth  process.  From  these  results,  modifications  were  made  in  the  growing 
techniques  and  equipment.  The  results  of  these  experiments  indicated  that: 

1)  The  introduction  of  boron  oxide  (B2O2)  on  the  GaAs  melt  absorbed  impurities 
from  the  melt . 

2)  Si  was  being  introduced  to  the  melt  by  the  breakdown  of  the  quartz  (2Si02 >2SiO 

This  was  caused  by  the  natural  gas-oxygen  torch,  which  heats  the  quartz  chamber  to 
prevent  GaAs  condensation, 

3) .  A special  viewport,  heated  by  a resistance  furnace  rather  than  a natural  gas- 
oxygen  torch,  was  used  to  reduce  silicon  contaminants.  As  a result  of  this  experiment 
an  undoped,  semi-insulating  crystal  was  grown.  Preliminary  measurements  at  Hughes 
Research  Center  indicates  this  material  to  be  of  extremely  high  purity. 
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KVAI.IIATION 


1.  Thtn  report  Is  the  Fln.il  Kepoi  I on  the  contrai-l.  It  covers  research 
iloite  ('ll  the  Ri't'wt  h o(  gallium  arsonidt*  single  crystals  during  the  period 
id  liei cmher  l'^7''  through  10  dune  ld78.  The  objective  oi  this  research 
was  *n  evaluat  ion  of  the  liquid  seal  Czochralski  i-rystal  growth  system 
for  t h«'  giowth  of  high  purity  gallium  arsenide  uselul  lor  elect  rooptic 
appllcatlon.  A liquid  seal  fzocVir.tl  ski  growth  system  was  built  and  then 
miKllfled  to  grow  I St)- iOt)  gram  gallium  arsenide  crystals.  High  purity 
undoped  ( sem  i - 1 usu  t a t 1 ngl  atid  Int  *'nt  lonal  ly  doptsl  crystals  were  grown 
using  this  svst  em. 

. The  above  Win  k is  I'l  v.ilue  since  it  provliles  b.isic  knowledge  and  a 
new  i-rvstal  growth  te>'hnlque  li>i  t lu*  growth  of  high  purify  gallium 
arsenide  irvsials  for  use  as  substrates  fot  el«'cttoopt  le  applications. 
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I'age 

Fiij.  1 l.icjuicl  Seal  C/ochr.ilski  OnAs  grower  with  rosistanco  furnace  and  quart/  I15 
growth  chamber 

Fit;.  2 Bottom  chamber  of  the  Liquid  Seal  O/.ochralski  GaAs  grower  used  for  GaAs  k-, 
reactions  with  no  jiulling  apparatus. 

Fig.  3 Liquid  Seal  Gzochralski  GaAs  grower  with  viewport  and  resistance  furnace.  17 
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.^.0  OBJHCTIVK 

3.1  - 1 ho  objoctivo  of  this  contract  was  to  develop  a method  for  the  growth  of 
single  (.'.aAs  crystals  with  properties  superior  to  those  found  in  crystals  grown  hy 
the  meihods  in  current  use. 

High  purity  GaAs  is  needed  in  the  growth  of  microwave  e[)itaxial  layers,  t.'ine 
of  the  severe  problems  encountered  is  that  of  conversion. 

Q 

SemiHnsulating  GaAs  substrate  material  which  measures  1 x 10  ohm-cm  prior 
to  heat  ii'eating,  usually  converts  on  the  surface  to  a lower  resistivity.  The  effect 
is  a conducting  path  beneath  the  epitaxial  grown  layer  which  deteriorates  the  device 
parameters.  The  reason  for  the  conversion  is  not  fully  understood,  but  it  is  thought 
to  be  associated  with  the  impurities  currently  found  in  grown  crystals. 

"1  hermal  conversion"  of  the  substrate  is  one  of  the  major  problems  still  degrading 
the  device  performance.  Several  mechanisms  have  been  proposed  to  explain  the 
conversion  mechanism.  However,  to  date,  no  model  has  l^een  proposed  that  would 
help  the  crystal  grower  to  eliminate  this  problem.  It  appears  however,  that  silicon 
is  one  of  the  major  contributors  to  this  problem. 

3-2  Czochralski  growth  of  gallium  arsenide  has  presented  some  problems 
primarily  because  of  the  volatility  of  arsenic.  The  arsenic  vapor  pressure  at  the 
melting  point  is  about  one  atmosphere.  A vapor  space  over  the  melt  can  permit 
transport  of  arsenic  and  condensation  of  solid  arsenic  on  any  cool  portions  of  a sealed 
system.  Condensation  may  be  avoided  by  maintaining  the  entire  enclosure  at  a temperature 
such  that  the  vapor  pressure  of  pure  arsenic  is  greater  than  the  arsenic  partial  pressure 
over  the  melt.  Since  the  temperature  needed  to  provide  a stoichiometric  pressure  is 
6l0°C,  a problem  arises  in  providing  a seal  for  the  pulling  mechanism  which  will  withstand 
this  temperature.  A second  problem  is  the  higher  reactivity  of  the  arsenic  vapor  with 
many  materials  at  600°C  . 
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Several  methods  have  been  employed  previously  to  avoid  loss  of  arsenic  from 
the  melt.  1 he  earliest  technique  is  the  magnetic-type  puller  developed  by  Gremmelmaier 
Ihis  method  uses  magnets  to  support  and  rotate  the  seed  rod  which  is  sealed  within  the 


quartz  chamber.  Since  there  is  no  mechanical  feed  through,  the  temperature  of  the 
entire  quartz  envelope  can  be  heated  to  a temperature  in  excess  of  6lO°C.  One  of  the 
major  disadvantages  of  the  magnets,  is  that  it  is  subject  to  considerable  vibration. 

This  problem  is  caused  by  the  loose  coupling  of  the  magnet  and  by  the  friction  of  the 
quartz  bearing  surfaces.  In  addition,  the  system  is  very  complex,  costly,  and  difficult 
to  use. 


2 

second  method  uses  a liquid  gallium  seal  to  contain  the  arsenic  vapor. 

However,  it  proved  to  have  little  practical  use  because  of  its  complexity  and  the  fact 
that  the  arsenic  in  the  growth  chamber  reacts  with  the  gallium  seal  to  form  solid  gallium 
arsenide.  Arsenic  is  also  lost  through  the  gallium  seal. 
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The  third  method  is  the  liquid  encapsulation  technique.  ’ This  systems  uses  a 
layer  of  molten  B2O3  on  the  surface  of  the  GaAs  melt  to  prevent  the  escape  of  arsenic. 

The  B2O3  enables  the  use  of  conventional  Ge  or  Si  growers  for  the  growth  of  GaAs. 

The  growing  crystal  is  pulled  through  the  B2O3  layer.  A layer  of  B2O3  adheres  to 
the  crystal  and  generates  stresses  as  it  cools  due  to  the  differences  in  thermal  expansion. 
It  is  also  difficult  to  react  elemental  gallium  and  arsenic  under  the  B2O3  layer,  making 
it  necessary  to  use  pre-reacted  GaAs  for  the  starting  material.  One  of  the  major 
problems  inherent  with  the  liquid  encapsulation  technique  is  that  of  O2  contamination 
arising  from  the  B2O3  directly  in  contact  with  the  melt. 

1 he  method  of  growth  predominantly  used  at  Crystal  Specialties,  Inc.  to  grow 
single  GaAs  crystals  is  the  horizontal  Bridgman  technique.  This  method  is  similar 
to  the  gradient-freeze  technique  in  that  they  both  produce  single  crystals  in  hot  quartz 
ampoules.  This  leads  to  Si  contamination  of  the  GaAs  melt.  The  two  methods  differ 
only  in  that  solidification  by  the  gradient-freeze  technique  takes  place  by  the  movement 
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of  a tomporaturo  ijradiont  alorii;  ihe  insot,  making  the  ontiro  system  stationary. 

I'he  horizontal  Mrul^tnan  method  requires  the  movement  of  either  the  furnaee  (as 
IS  done  at  Crystal  Specialties,  Inc.)  or  the  ampoule,  housing  the  ingot. 

Ihe  main  advantage  of  horizontal  growth  is  that  crystals  can  he  grown  auto- 
matically with  little  supervision.  The  critical  factor  in  either  iirocedure  is  the 
interaction  between  the  boat  and  the  melt,  since  this  can  seriously  affect  the  linal 
crystallinity.  The  most  desirable  material  used  for  boats  is  fused  quartz.  The 
disailvantage  in  using  quartz  is  of  .Si  contamination.  Ihe  quartz  wall  in  those  systems 

reach  12‘S0'"^C.  This  causes  a breakdown  of  Si02(2Si02 > 2SiC'  + O2).  As  a result. 

Si  contamination  of  about  1 x 10^^  impurities ''cm-^  is  introduced  into  the  GaAs  melt. 

0.3  - As  an  answer  to  the  above  mentioned  problems,  the  liquid-seal  growth 
technique  was  elected.  Ihe  system  uses  a molten  1^2^^^  seal,  not  in  contact  with 
the  melt,  to  prevent  arsenic  escape.  Iho  liipiid-seal  technique  was  thc^ught  to  have 
an  advantage  over  both  systems  in  that  it  would  have  a ccsoler  quartz,  wall  coupled 
with  no  B20q  in  contact  with  the  molten  CaAs. 

4.0  - APPROACH 

4.1  - In  addition  to  the  advantage  over  the  horizontal  growth  methods,  because 
the  temperature  of  the  quartz,  walls  remains  below  700'^C , the  liquid-seal  system  also 
has  an  advantage  over  the  magnetic  type  grower  in  that  it  does  not  use  magnets  to  effect 
the  vertical  displacement  and  rotatiesn  of  the  seeti  crystal.  .Since  a direct  mechanical 
drive  is  used,  the  smoothness  of  the  rotation  anil  pull  is  limited  only  by  the  mechanical 
system.  Ihis  grower  is  also  thought  to  have  advantages  over  the  liquid  encapsulated 
Czochralski  Technique  in  that  prc-reacted  material  is  not  necessary,  because  gallium 
and  arsenic  can  be  reacted  directly  in  the  system.  In  addition,  the  problem  of  n2'^3 
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I h(-  IkiukI  sivil  >.  sy^-ti'in  wa"-  aKo  moitifioil  at  ^ rystal  S|)Oc  lal  i ics , 

--IK  h that  It  >-oulil  »^row  laf^o  (lianiotor  si'nit-iiisiilat inkj  CaAs.  ! ho  Itr^o  cap.u  itv 

iv  lu'oiloit  so  th.it  fosiMfoh  l.ibs  ovahiatink:  this  matiMi.il  will  have  wafors  with  lar  t;or 

ai'oa^  than  wa^  [lossitilo  with  tho  C'fu^inal  sv'-tom. 

S.~  - 1 ho  liquul  •’O.il  toohniquo  is  ,i|so  .1  dositahlo  mothoil  for  ovaUiatins  various 

oruoihlo  m.itiM'ials.  I his  is  [lossiblo  smoo  orv^tals  o.in  bo  ^rown  with  no  in 

oontaot  with  oiihor  tho  1 riioiblo  or  v'.aAs  molt  arni  tho  faot  that  minimal  Si  is  iritrcdiiood 

trorn  tho  quart/  wall.  Ihorotoro,  v.aAs  oan  bo  roaotod  in  various  orusiblos  tss 

ilotormino  which  irucitdo  will  yield  tho  inirost  crystals. 

A tochnK|uo  similar  to  tho  liquid  soal  has  boon  dovolopod  but  usirc  tho  prinoiplo 
r 

ot  pi't'ssuro  balancint;.  In  this  svsti'tn,  tho  di sassociatissn  prossuro  ssf  tho  cc'mpc'und 
is  dvnaniuatlv  balanci-d  by  a prossuro  of  inort  gas.  1 ho  liipiid  soal  tochniquo  pro- 
sontod  horo  diflors,  m that  it  doos  not  attompt  to  lialanco  tho  difforontial  prossuro. 

It  utili/os  tho  fact  that  tho  II  is  oxtromoly  viscous  at  b'"'0'-V  . I ho  liquid  b_>0, 
soal  romains  in  positis'ri  during  tho  ontiro  crystal  gricwth  |irocoss  and  [irovonts  tho 
loakago  icf  arsonic  trom  tho  growth  chamber.  Iho  complex  prossuro  balancing 
apiiaratus  is  thorofc'ro  tinnocossarv  fs^r  tho  growth  ol  GaAs.  Iho  licpiid  soal 
tochniquo  is.  thoroforo.  much  simpler  than  tho  pressure  balancing  tochniquo. 

Iho  most  attractive  feature  of  tho  li(]uid  soal  tochniquo  is  its  simplicitv.  It  is 
economical  to  construct,  oasv  to  load  atid  keep  clean. 

5.0  - t-  Xt’l-RIMFNTAI 

'■).l  - The  grow'th  system  consists  of: 

1.  A I5  KW.  240V'  Ktidio  l-foquoncy  fR  h"l  Conor. itor 

2.  Turbo  vacuum  |Hitn[)  system. 

J.  v'/ochr.ilski  crystal  grower 

4.  Dat.i  tr.ik  control  console  for  item  o. 

5.2  - I ho  following  procedure  has  boon  tho  most  succosslul  lor  pulling  ''ingle 
ttaAs  crystals,  using  tho  liquid  soal  tochniquo. 

I'ho  first  stop  involves  tho  comploio  clo.ining  of  all  materials  that  would  come 


in  conlact  with  the  gallium  (Ga)  and  arsenic  (As)  during  growth.  Materials  such 
as  the  quartz  chamber,  rod  and  stand,  and  the  crucibles,  (boron  nitride,  aluminum 
nitride,  vitreous  carbon,  aluminum  oxide  or  quartz)  fig.  I,  are  cleaned  and  etched 
thoroughly  using  a 1:1  mixture  of  nitric  and  hydrochloric  acid  for  30  minutes.  1 he 
crucibles  used  were  flat  bottom  stylo  crucibles.  The  approximate  size  was  25mm 
deep  X 50mm  wide,  with  a 1.0mm  wall  thickness.  All  the  crucibles  were  supported 
by  a quartz  stand.  The  boron  nitride  (HK)  crucible  used  for  the  larger  diameter 
crystals  of  up  to  300  grams  was  60mm  wide  and  40mm  deep,  with  a 1.0mm  wall 
thickness.  A stoichiometric  amount  of  gallium  and  arsenic  is  then  loaded  into  the 
chamber,  which  is  then  sealed  to  the  top  section,  by  welding  with  quartz.  An 
additional  amount  of  As  is  added  to  provide  an  As  vapor  pressure  above  the  melt. 

A 2.0  gram  pellet  of  B2O3  is  placed  in  the  upper  chamber  and  the  entire  chamber  is 
then  loaded  into  the  resistance  furnace.  The  resistance  furnace  is  used  to  maintain 
proper  temperatures  for  different  regions  of  the  growth  system  during  growth.  This 
furnace  was  modified  from  a single  to  a split  furnace  to  provide  greater  efficiency 
in  chamber  installation,  with  less  danger  of  damage  to  the  chamber. 

The  vacuum  system  is  then  turned  on,  and  the  nitrogen  trap  filled  to  remove 
impurities  from  the  pump.  Helium  pressure  to  the  system  is  set  at  6-8  PSl  . The 
entire  chamber  is  repeatedly  flushed  with  high  purity  helium,  then  outgased  to  remove 
residual  O2  and  other  gases.  During  the  outgasing,  the  main  chamber  and  As  chamber 
(Fig.  1)  are  heated  with  a hand  held  gas-oxygen  torch,  to  help  drive  off  any  moisture 
or  oxides . 

While  the  entire  chamber  is  being  outgased,  the  top  furnace  is  set  at  90(>^C  to  molt 
the  2.0  grams  of  B2O3  down  into  the  neck  of  the  chamber.  I'he  molten  82©^  provides 
a seal  for  the  botten.  chamber.  The  bottom  furnace  is  then  heated  to  300^^6, 

An  RF  coil  is  then  placed  around  the  bottom  chamber  to  heat  treat  the  gallium. 

The  entire  chamber  is  backfilled  with  helium  and  outgased  several  times  during  heat 
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troatmoiU.  The  heat  Iroatmeni  process  lasts  approximately  2 hours. 


After  heat  treatment,  the  entire  chamber  is  pumped  down  to  a vacuum  of 
2 X to”-*  Vorr,  via  a side  port,  then  backfilleil  with  2 PSI  of  helium.  1 he  quart?, 
vacuum  port  connected  to  the  bottom  chamber  is  then  sealed  off  via  the  Ras-oxyj;on 
torch.  (See  l-ig.  1). 

The  top  furnace  control  is  theti  dropped  to  . While  the  temperature  is 

decreasing,  the  helium  pressure  is  increased  to  1.0  atmos|)here  positive  pressure 
in  the  upper  chamber  to  drive  the  between  the  pull  rod  and  the  neck  of  the 

pull  chamber.  Due  to  the  high  viscosity  of  the  *0  the  diflerential 

pressure  between  the  helium  filled  section  and  the  growth  chamber  is  not  critical. 

When  the  B20'^  has  filled  about  2^3  of  the  length  of  the  space  between  the  rod  and 
the  tube,  the  seal  for  the  growth  chamber  is  complete.  I'his  enables  the  B2'-'3 
form  a viscous  tight  seal  and  allows  the  Smm  seed  rod  to  be  able  to  rotate  and  move 
up  and  down  as  needed.  The  pull  rod  rotates  through  the  liquid  seal  so  that  a direct 
mechanical  drive  similar  to  that  used  in  conventional  Cie  or  .Si  growers  can  be  used. 

The  As  is  then  driven  from  the  As  chamber  into  the  growth  chamber,  using  the 
hand  held  natural  gas-oxygen  torch.  The  As  chamber  is  then  sealed  off  via  the  torch. 

The  Kb'  coil  used  to  provide  energy  for  the  reaction,  couples  directly  to  the 
Cia  and  As  melt.  Thus,  only  the  GaAs  and  the  crucibles  are  heated  to  the  melting 
point  of  GaAs.  By  coupling  directly  to  the  melt,  the  wall  cf  the  growth  chamber  in 
which  the  crystal  is  grown  can  be  held  at  a relatively  low  temperature,  aiiproximately 
70(>\' . 

'j.3  - Reaction  of  the  C,a  and  As  then  commences  by  heating  the  gallium  to  10('>0'"^'>  . 
A natural  gas-oxygen  flame  is  placed  in  the  front  portion  of  the  growth  chamber.  Ihe 
heal  from  this  torch  prevents  condensation  of  c'.aAs  which  is  evaporated  from  the 
surface  of  the  CaAs  melt  on  a window  used  to  visually  inspect  reaction  and  growth. 
During  reaction,  the  bottom  furnace  temperature  is  gradually  increased  to  drive 
the  As  into  the  i.;a.  After  apiiroximately  2-3  hours,  re.tction  is  com]ileted  and  single 
crystal  growth  is  ready  to  begin.  Seeiling  is  accomplished  by  lowering  the  seed,  which 
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is  fiisionod  to  the  bottom  of  tho  quart/  pull  rod  with  tantalum  wire,  into  contact  with 
the  molt,  titowth  is  then  initiated  hy  raisinj^  the  sootl.  I'ho  pull  rate  is  approximately 
I /I?  " per  hour  and  the  seed  rotation  12  Kl’M. 

lo  remove  dislocations  at  the  start  of  growth,  the  crystal  is  necked  down  from 
the  seed  diameter,  to  approximately  3mm  in  diameter,  then  grown  out  to  the  desired 
width.  As  growth  progresses,  the  temperature  is  progressively  lowered  lo  maintain 
a constant  diameter.  After  the  crystal  is  grown,  the  furnaces  are  allowed  Ics  cc'ol, 
after- shut  down.  I he  differences  in  thermal  expansion  of  the  n2t'’3  and  the  quartz 
causes  the  pull  rod  and  the  surrounding  quartz  tubing  to  fracture.  This  necessitates 
re['lacemenl  of  the  quartz  pull  rod  anil  the  surrounding  tubing  for  each  crystal  grown. 
b.O  - RHSUl.TS 

Single  crystals  of  C.aAs  have  bt'on  grown  by  the  liquid  seal  technique.  The  first 
phase  of  the  study  tested  the  liquid  seal  technique  as  a method  for  production  esf  high 
purity  crystals.  In  addition,  various  crucible  materials  for  growth  of  the  highest 
purity  c'.aAs  was  tested, 

b.l  - Table  ^1  is  a summary  of  crystals  grown  to  test  the  purity  of  various 
crucible  materials , 

The  crucibles  grown  from  fused  quartz  crucibles,  no.  12  and  20  were  found  as 
expected  to  be  contaminated  with  silicon,  resulting  in  low  resistivity.  This  is  the 
result  of  the  hot  Ga  reducing  the  Si02  during  reaction  and  growth.  This  was  antici- 
pated as  this  effect  has  been  observed  when  crystals  were  grown  in  quartz,  by  other 
techniques . 

Crystals  21  and  22,  grown  from  aluminum  oxide  crucibles,  were  single  crystals. 
However,  a high  incidence  of  failure  was  experienced  in  jlling  from  A1.2G'^  crucibles 
because  of  thermal  fracture  of  the  crucible  during  reaction. 

Growth  was  done  by  coupling  directly  to  the  GaAs  melt  with  RF  induction  healing. 
Direct  R h coupling  lo  the  melt  gives  ideal  condition  for  crystalline  purity.  However, 
due  lo  Sleep  thermal  gradients  crystalline  perfection  is  sacrificed.  Using  a vitreous 
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carbon  susceptor,  to  hold  a boron  nitride  crucible,  would  improve  thermal  gradients. 
However,  this  crucible  gives  very  little  temperature  gradient  across  the  melt  surface, 
causing  crystals  to  nucleate  at  the  crucible  and  grow  in  from  the  side.  As  the  diameter 
of  the  growing  crystal  is  increased,  the  nucleated  crystal  interferes  with  the  growing 
crystal.  This  was  the  case  in  crystals  /f24  and  25.  There  also  appeared  a scum-like 
deposit  on  the  melt  surface  which  is  probably  carbon  coming  from  the  carbon  material. 

Crucibles  of  aluminum  nitride  have  been  the  most  difficult  to  use.  They  tend  to 
fracture  during  growth,  and  only  one  crystal  has  been  successfully  grown  from 
aluminum  nitride.  It  is  felt  for  this  reason  that  aluminum  nitride  is  not  suitable  for 
GaAs  crystal  growth. 

6.2  - The  undoped  crystals  grown  in  pyrolytic  boron  nitride  (PBN)  crucibles 
(i^2,  5 and  8)  were  more  easily  grown.  This  fact,  plus  the  high  purity  of  the  crucible 
and  the  compatibility  of  its  constituents,  boron  and  nitrogen,  with  GaAs,  makes  boron 
nitride  a very  good  material  for  GaAs  crystal  growth.  Also,  the  crucible  is  capable 
of  being  used  a number  of  times,  which  enhances  its  value  in  a production  process. 

After  boron  nitride  was  chosen  the  purest  and  best  suited  crucible  material, 
the  remaining  two  n-type,  two  p-type,  and  two  semi-insulating  (Gr-doped)  crystals 
were  grown  in  boron  nitride  crucibles. 

6.3  - Undoped  single  crystal  grown  in  high  purity  PBN  crucibles  proved 

a donor  (n-type)  concentration  of  approximately  5.0  x 10^  /cm'^.  In  an  attempt  to 
determine  the  source  of  this  level  of  contamination,  several  modifications  were  made. 
They  were: 

1 . Complete  overhaul  and  cleaning  of  all  gas  and  vacuum  lines  in  the  crystal 
grower  and  vacuum  pump  system. 

2.  Replacement  of  tantalum  wire  to  hold  the  seed  to  the  rod,  with  an  all  quartz 
seed  holder. 

3-  Outgasing  the  chamber  using  high  purity  Helium. 

4.  Heat  treating  the  gallium  before  reacting  with  arsenic. 

5.  High  purity,  low  temperature  sealing  glass. 

6.  Gas  purge  while  welding  the  bottom  chamber  closed. 
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7.  !•  valuolin^’  niiitorial  proitucod  by  roaotins  in  the  bottom  chamber,  while  the 
top  chamber  was  sealed  off, 

8.  Evacuate  chamber  on  the  pump  used  for  horizontal  Ifridgman  ampoules. 

*),  Use  of  an  isolateil  arsenic  chamber. 

In  spite  of  the  alK^ve  mentioned  variations  in  techniques  and  system  modi! ical ions , 
no  variation  in  carrier  concentration  was  noted.  (Table  H2, 

6.4  - It  has  been  reported  that  in  contact  with  f.aAs  melt  absorbs  impurities 

such  as  Si  from  the  melt.  To  test  this  idea,  a small  amount  of  added  to  the 

gallium  prior  to  reacting  with  arsenic,  t are  was  taken  to  add  only  enough  li^O^  to 
cover  the  edges  of  (he  melt  so  that  reaction  of  the  arsenic  with  the  gallium  would  not 
be  blocked. 

The  amount  of  per  experiment  varied  from  1.0  to  7.0  grams.  The 

always  formed  a ring  around  the  inside  of  the  crucible  on  the  surface,  after  the  As 
reacted  with  the  Ga.  If  a thin  film  of  completely  covered  the  melt,  it  was  driven 

to  the  sides  of  the  crucible  during  reaction.  A pellet  of  12.0  grams  of  1120-^  was  used 
in  one  run  and  it  covered  the  entire  top  of  the  gallium  surface,  preventing  arsenic  from 
reacting  with  the  gallium, 

Hefore  high  purity  crystals  were  pulled  using  melt,  tests  were  done 

that  involved  reaction  of  Ga  and  As,  but  with  no  pulling  (Tig.  2,  Table  2-'5l,  52).  This 
was  done  to  eliminate  the  possiblity  that  the  5-0  x lO'^’’  n-type  impurity  was  originating 
from  the  vacuum  lines  or  the  upper  pull  section. 

The  bottom  chamber  was  sealed  at  the  joint  with  the  small  I.D.  tube.  The  chamber 
was  evacuated  on  the  pump  used  for  horizontal  Hridgman  ampoules.  Thus,  the  pull 
section  and  vacuum  lines  were  removed  as  possible  contaminating  sources.  The 
heat  treating  and  reaction  was  performed  in  the  same  manner  as  previously  described. 
After  all  the  arsenic  was  reacted  with  the  gallium,  the  temperature  of  the  GaAs  was 
slowly  lowered  below  its  freezing  point.  My  this  method,  single  crystals  were  grown 
on  the  surface  of  the  melt  for  evaluation.  After  initial  results  indicate<l  material  produced 
in  this  manner  resulted  in  no  higher  purity  ( Tig  2,  Table  2 - 47  ),  crystals  were 


pulloil  wUti  the  m the  CaAs  molt.  Iho  variance  in  amounts  of  ^2^3 

not  soom  to  affect  tho  crystal  (turily.  It  afipoars  that  1^2^^ t acts  as  a "getter"  for 
impurities.  1 hose  undoped  crystals  grown  with  H2^'t  melt,  resulted  in 

material  that  was  semi-msulaling.  (l-'ig.  2,  Table  2 - f rom  this  experiment 

it  apiiears  that  acts  as  ,i  "e'.elter",  and  is  also  contributing  as  a 

comjiensating  impurity. 

1 he  source  of  the  n-type  impurity  in  the  GaAs  was  still  unknown.  It  was 
suggested  by  Dr.  John  Kennedy  of  AlCKl.,  tfiat  the  quartz  heated  by  tho  natural 
gas-oxygen  torch  to  provide  a window  might  heat  the  quartz  to  a sufficient  temperature 
to  cause  disassociation  of  the  quartz  and  result  in  a contamination  of  Si. 

Silicon  is  incoiqiorated  into  the  melt  via  breakdown  of  the  quartz  chamber. 

(1)  2SiO^ > 2SiO  + O2 

i-'ontamination  exists  due  to  the  volitile  nature  of  SiO. 

(2)  3SiO  i 2C.a ^ + 3Si  (in  molt) 

b.^)  - Material  was  therefore  compounded  by  the  technique  described  where  no 
seed  was  used  to  produce  test  material.  (I'ig.  2).  In  this  case  however,  no  gas 
torch  was  used.  As  was  expected  the  window  area  was  clouded  over  shortly  after 
reaction  was  started.  After  reaction,  single  crystals  were  again  grown  on  the 
surface  of  the  melt  by  slow  cooling.  This  melt  also  contained  B2C’3  as  a "getter". 

Van  der  I’auw  measurements  made  on  this  material  (^78  - Table  2)  showed  a marked 
decrease  in  carrier  concentration,  and  an  increase  in  mobility  and  resistivity. 
Material  was  then  grown  with  a special  viewport,  using  a variac  controlled 
resistance  furnace  (Fig.  3).  The  kanthal  wire  furnace  enveloped  the  viewport  and 
was  insulated  with  asbestos  cloth.  Ihe  furnace  was  turned  on  when  the  As  was 
being  driven  into  the  main  chamber  and  left  on  thru  the  entire  run.  Ihe  variac  was 
adjusted  to  maintain  a temperature  high  enough  to  keep  the  viewport  clear  of  As  and 
oxides  and  low  enough  to  prevent  disassociation  of  the  quartz,  which  would  result 

SiC')  contaminant  in  the  melt.  There  was  greater  difficulty  in  viewing  tho  seeded 


•ii'tM  ol  tho  moll,  duo  to  Iho  3"  lonj^th  of  Iho  viowporl.  A [^ossiblo  allornativo  to 

miprovo  visibility,  would  bo  a shortor  and  widor  viowport.  Kosulls  of  this  lost,  i 

ovalualod  by  Hu(?hos  Kosoarch  l abs  ( Tablo  1 indicat od  cxiromoly  jjood  somi-  I 

insulalin^j  matorial . 

b.b  - l.argo  diamolor  crystals  delivered  to  Hanscom  Air  Force  Base,  were: 
two  n-iype,  two  p-lype,  two  semi-insulating,  Cr-doped. 

I 4 

I nclosed  in  Table  2 is  Van  der  I’auw  data,  at  room  temperature,  oblainotl  at  U 

(.'rystal  Specialties  for  the  large  diameter  single  crystals,  i' 

I, 

All  of  the  crystals  grown  were  on  a (1 11)  orientation,  with  the  arsenic  face 
contacting  the  tlaAs  charge.  All  of  these  crystals  were  grown  in  boron  nitride 
curcibles  since  boron  nitride  provided  the  best  purity  of  the  crucible  materials 
evaluated . 

Difficulty  occured  in  growing  large  diameter  crystals,  due  to  the  uneven 
heating  as  the  growth  level  lowered  inside  the  crucible.  As  the  crystal  width 
increased  greater  than  1.0"  and  the  growth  level  lowered,  the  growth  temperature 
became  very  critical  and  erratic.  At  this  point  is  was  difficult  to  maintain  a 
constant  diameter  and  good  single  crystal  growth  conditions. 

CONCLUSION  AND  RECOMMFNDATIONS 

(1)  Pyrolytic  l)oron  nitride  crucibles  are  the  most  desirable  for  growing 
high  purity  GaAs  crystals.  This  is  due  to  the  compatibility  of  the  boron  and 
nitrogen  from  the  crucible  with  the  GaAs,  and  its  mechanical  stability  and  high 
purity.  Boron  nitride  is  also  an  economical  material  to  use,  because  it  can 
be  used  repeatedly. 

(2)  B20^  in  direct  contact  with  the  GaAs  melt,  seems  to  draw  impurities 
from  the  melt  by  acting  as  a "getter"  for  the  impurities. 

(3)  Si  contamination  observed  in  the  original  crystals  was  found  to  be 
produced  by  the  high  temperature  window.  This  Si  contamination  was  reduced  by 
replacing  the  gas-oxygen  torch  on  the  growth  chamber,  with  a resistance  furnace, 
to  provide  a viewport  to  the  growing  crystal. 
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As  a result  of  Run  HSO  where  a carrier  concentration  of  4.0  x 10^®/cm^,  mobility 
of  5400cm2/volt-sec  and  resistivity  of  10^  ohm-cm  was  obtained,  Hughes  Research 
Laboratories  is  very  interested  in  obtaining  material  of  this  quality  for  Liquid-Phase 
Epitaxial  source  material. 

Results  from  this  research  on  undoped  GaAs  indicates  that  high  purity  material 
needed  for  source  materials  can  be  grown  by  this  method.  Results  also  indicate 
that  further  research  in  systems  of  this  type  is  warranted.  Additional  research 
is  also  needed  to  determine  the  effects  of  not  using  020^  on  the  GaAs  melt,  in 
conjunction  with  the  addition  of  the  resistance  furnace  viewport. 
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Of  Iho  total  fuiuls  of  $82,261.00  authorized  for  both  phases  of  the  contract, 
approximately  98%  has  been  expended.  This  last  fij?ure  (98%)  includes  85%  of 
the  allowable  fee.  All  of  the  work  has  been  completed  except  for  the  Final  Report. 

c OST  DATA 

(.'umulative  cost  data  as  of  30  October  1978, 


lalK’r  l-lemenis 

Planned 

Actual 

Labors  Mrs.  Amount 

Labor  Mrs. 

Amount 

Sr.  Scientist 

Jr.  Scientist 

750  $8025.00 

2400  15064.00 

1568.5 

2256.25 

$16,092.78 

11,075.07 

Other  Fxpenses 

Purchased  Parts 

Raw  Material 

17888.00 

12606.00 

10,387.75 

14,680.85 

lotal  Other  Fxpenses 

30494.00 

25,068.59 

Overhead 

18963.00 

23,025.00 

Travel 

1200.00 

- 

Preparation  of  Reports 

2000.00 

- 

C.  8.  A 

1515.00 

1,505.22 

Grand  Total 

$77261 .00 

$76,766.66 
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FIGURE  I.  LIQUID- SEAL  CZOCHRALSKY  GoAs  GROWER 


FIGURE  2.  GoAs  GROWER  WITH  NO  PULLING  APPARATUS 


TABLI-  1 

CaAs  Growth  Kuns  Dsins  Various  v.'rucible  Matonals 


Kun  No. 

C ruciblo 

Dopants 

Results 

2 

Boron  Nitride  (BN) 

none 

Good 

5 

Boron  Nitride  (BN) 

none 

Good 

8 

Boron  Nitride  (BN) 

none 

Good 

12 

Fused  Quartz  (Si02) 

none 

Si  contamination 

16 

Aluminum  Nitride  (ALN) 

none 

Fractured  Crucible 

20 

Fused  Quartz  (Si02) 

none 

Si  contamination 

21 

Aluminum  Oxide  (AL20.^ 

none 

Fractured  Crucible 

22 

Aluminum  Oxide  (AL20:j) 

none 

Fractured  Crucible 

2L 

Vitreous  Carbon 

none 

Scum-like  Deposit 

25 

Vitreous  Carbon 

none 

r oor-t  he  r m a 1 g rad i e n t s 

1 Mil  I-  2 


1 

I 

t 

I 
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Kun  No. 

Dopant 

Resistivity 

Mobility 

c arrier  Concentration 

Comment  s 

LI 

none 

ohm -on; 

3.2  X 10"^ 

cm--  'v-sec 

3900 

n cm 8 

5.0  X lO’^’ 

no  BnO-^ 

“31 

none 

4.37  X 10'^^ 

3043 

4.7  X lo'^' 

not  pulled  B-,C>  t used 

52 

none 

uv 

- 

- 

not  pulled  B2O3  used 

58 

none 

uv 

- 

- 

B2O3 

tn' 

none 

lo”^ 

- 

- 

BnO^ 

t'l 

L'  r 

10^ 

- 

- 

B2O3 

63 

rV 

- 

- 

B2O3 

b8 

Zn 

3.1  X 10“^ 

2200 

9 X !0'^ 

B2O3 

69 

Zn 

1 .0  X RR' 

2 1 30 

1 .6  X lo'  ^ 

no  B20-^ 

72 

Te 

5.1  ? 10'^^ 

2900 

4.3  X 10'8 

no  B20-^ 

77 

To 

8.0  X RR'^ 

2519 

3.1  X lo'^ 

B2O3 

78 

none 

1.3  X 10“^ 

5600 

8.3  X lo'“ 

no  gas  torch  - B2C'3 

79 

Cr 

10^ 

- 

- 

viewport  BoO.^ 

80 

none 

107 

5400 

4.0  X lO'^ 

viewport  B2O., 
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MISSION 

of 

Rome  Air  Development  Center 

HAVC  piam  and  exeotCei  nuqjxKak,  d&veZopm&rvt,  tti>t  and 
A ejected  acqiuA-ition  pAogKami  In  .iuppoAt  oi  Comnand,  Control 
ContnurUcatioiu  and  IntttUgzncz  [Ch]  activftiu.  TtchnlcaZ 
and  zng-Lne.eAA.ng  iuppoAt  Mcthin  oAeoA  oi^  technccaZ  competence 
La  provided  to  ESt>  PtiogAom  OUlceA  (POa)  and  otheA  ESV 
etementi.  The  pAtnctpat  technicat  mcd^-ion  aA.ea6  oAe 
communicatLoni , etectnomagnetic  guidance  and  contAot,  aua- 
vetltance  oi  gAoand  and  aeAOApace  objecti,  Intettigence  data 
cottection  and  handZtng,  tn^oAmatton  6y4>te/n  technotogy , 
lonoApheAtc  pKopagatton,  &otid  &tate  ActenceA,  mLcAom.\ie 
phy-i-ccA  and  etectaonic  AetAab-ittty,  matntatnab-LtLty  and 
compatLb-itity . 
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